Sedimentary rocks of the Neogene Gardnerville basin record a complex normal faulting history from mid-Miocene to the present; this record bridges an important gap between contemporary tectonics and the older geologic record. The upper Neogene sediments are preserved in a west-dipping half-graben, and fanning of dips within the section shows that the basin-bounding Carson Range frontal fault system to the west has been active since at least 7 Ma. In addition, the sedimentary history clearly shows that several northstriking normal faults within the basin have been active at different times during deposition. Gravity data enable us to extend the faulting history back beyond what is exposed at the surface and reveal mid-Miocene(?) normal faults that are no longer active below the western part of the basin. Gravity modeling suggests that the underlying faultbounded basin is structurally complex and does not have a simple half-graben geometry. These faults have accommodated extension within Sierran crystalline rocks west of the Walker Lane, in the eastern part of the Sierra Nevada microplate.
INTRODUCTION
The northward migration of the Mendocino triple junction marks the progressive change from Cascadian subduction to dextral transform tectonics along the western margin of North America. Although dextral shear across the continental margin started with the inception of the transform boundary approximately 30 Ma (Atwater, 1970) , the accommodation of the shear changed with the opening of the Gulf of California about 6 Ma (Oskin and Stock, 2003) . Currently, in addition to the dextral offset along the plate boundary itself, 20% -25% of Pacific -North America relative plate motion is accommodated by dextral strain within the continent (e.g., Dixon et al., 1995; Thatcher et al., 1999; Miller et al., 2000; Oldow et al., 2001) . This occurs in the Walker Lane, a zone of complex dextral faulting in the western Great Basin adjacent to the Sierra Nevada. The Walker Lane may be an incipient plate boundary transform fault (Faulds et al., 2005a, b; Faulds and Henry, 2006) .
In eastern California and western Nevada, several additional tectonic influences are superimposed on those resulting from the northward-migrating transition from a convergent to a transform margin:
• East-west extension, primarily mid-Miocene in age, characterizes the Basin and Range province; this extension is thought to have propagated westward with time, into the previously-coherent Sierra Nevada block (e.g., Dilles and Gans, 1995; Surpless et al., 2002) . The extension may also have stepped northward, into previously-unextended northwestern Nevada, in the last 10-12 m.y. (e.g., Colgan and Dumitru, 2003; Lerch et al., 2004; Whitehill et al., 2004 ).
• Changes in the direction or amount of Pacific -North America relative plate motion appear to have influenced deformation within the continent (e.g., Atwater and Stock, 1998; Wernicke and Snow, 1998) . These include increase in rate of motion 12 Ma and a change in direction of motion (from WNW to NNW) 8 Ma (Atwater and Stock, 1998 ).
• Formation of the high topography in the Sierra Nevada was a significant tectonic event, but the timing of and explanation for this event are subject to debate: Most of the uplift may have occurred in Cretaceous time (e.g., House et al., 1998) . Uplift clearly postdateds deposition of locally thick sequences of Oligocene-early Miocene ash-flow tuffs that accumulated in paleovalleys extending from central Nevada westward across the Sierra Nevada region, indicating that the Sierra Nevada were not a topographic high in middle Tertiary time (Faulds et al., 2005a, b) . Tilting and incision of Neogene sedimentary rocks as young as 2 or 2.5 Ma is evidence for a late Pliocene uplift event in northwestern Nevada and northeastern California (e.g., Trexler et al., 2000; Muntean, 2001; Mass et al., 2003; Park, 2004; Park et al., 2004; Cashman et al., 2004; Mass, 2005; Mass et al., this volume; Trexler et al., this volume) .
• Delamination of the Sierran root in Late Miocene or Pliocene time has been proposed to explain both uplift and petrologic changes in the southern Sierra (e.g., Ducea and Saleeby, 1998; Feldstein and Lange, 1999; Manley et al., 2000; Farmer et al., 2002) . The northward extent of this event is not yet known.
• Motion of the Sierra Nevada microplate relative to North America (rather than Basin and Range extension, or Sierran uplift due to some other cause) has been proposed to explain the strain recorded by earthquakes along the Sierran frontal fault system (Unruh et al., 2003) . Their focal mechanism analysis reveals a significant component of dextral motion, and seismogenic deformation primarily characterized by horizontal shearing and oblique crustal thinning. Modern seismicity may not be representative, however; the long-term slip history on most of these faults is not well known. It is difficult to recognize and separate the effects of these tectonic influences. Our approach to this problem is to examine localities that allow us to isolate individual factors, and therefore determine the contribution of each factor to the complex evolution of the continental margin.
The Neogene sedimentary basins of northwest Nevada and northeast California provide important constraints on the development of intra-plate deformation along the eastern side of the Sierra Nevada. Geographically, some of these basins occur within the Basin and Range province and others are in the Walker Lane. Still others are confined to a faulted region west of the Walker Lane; these include examples both west and east of the present Sierran topographic front (Fig. 1) . Faulting west of the Walker Lane is thought to have started more recently than the extension in the Basin and Range to the east (e.g., Dilles and Gans, 1995; Surpless et al., 2002) , and it has been suggested that this western faulting is related to rheological changes in the Sierran crystalline rocks, as a result of "side-heating" from the Basin and Range province (e.g., Surpless et al., 2002) . Temporally, the Neogene sedimentary rocks were deposited during the time period when both the Walker Lane and the Sierran frontal fault system were becoming active at this latitude. The sedimentary rocks preserve evidence of the evolution of these major tectonic features. They complement other kinds of geologic data, and fill an important gap between the older geologic record and contemporary kinematics revealed by neotectonics, geodesy and seismicity.
The Neogene Gardnerville basin, preserved in the present-day Carson Valley of northwest Nevada, is ideally situated to record the age, style and magnitude of tectonism in the crystalline rocks west of the Walker Lane and to test models for the evolution of this structural domain in the context of the evolving North America -Pacific plate boundary. The sedimentary section depositionally overlies Mesozoic crystalline rocks of the Pine Nut Mountains on the east, and terminates against Sierran granite of the Carson Range along the Carson Range frontal fault system (here, the Genoa fault) on the west. To the east of the Pine Nut Mountains are the Yerington extensional domain and the central Walker Lane; the style and timing of faulting in these areas are well documented (see "Background", below). In addition, the Gardnerville basin occupies an intermediate position between older Tertiary basins in the Walker Lane to the east (e. g., Perkins et al., 1998; Kelly, 1998) and younger sedimentary deposits within the Carson Range, in the Lake Tahoe and Boca reservoir area to the west and northwest (e.g., Mass et al., 2003; Mass, 2005; Mass et al., this volume) .
In this paper, we present new sedimentological, structural, geochronological and geophysical data that record the development of the Neogene Gardnerville basin. We summarize the depositional history of the Gardnerville basin from >7 Ma to <2 Ma, focusing on paleogeographic information that relates to tectonism. This is based on new mapping and sedimentological analysis of the Neogene sedimentary section -the Sunrise Pass Formation, defined in Muntean (2001) . We then discuss the evidence for the style and timing of syn-depositional deformation, including map relationships, age control and a short seismic reflection sounding. We present a new gravity map of the entire Gardnerville basin, correlate the gravity anomalies with the surface geology, and show how they modify our interpretation of basin development to include older faulting. We conclude with a summary of the evolution of the Gardnerville basin, and the implications of this evolution for the development of the broad zone of intra-continental deformation along the eastern edge of the Sierra Nevada.
BACKGROUND
Neogene sedimentary rocks along the Sierra Nevada -Basin and Range transition zone In the Sierra Nevada -Basin and Range transition zone, a few names have been widely (and loosely) applied to Neogene sedimentary rocks of similar appearance; this stratigraphic terminology has obscured important tectonic relationships. "Truckee Formation", a term still in use today, was the name originally applied to Tertiary sedimentary and volcanic rocks in western Nevada (King, 1878 ). An early study of some of these strata named a section of Mio-Pliocene sedimentary rocks "Coal Valley Formation", distinguishing them from the Truckee Formation based on the occurrence of basaltic volcanic rocks in the former (Axlerod, 1956 (Axlerod, , 1958 (Axlerod, , 1962 . However, other workers argued that a distinction based on composition of intercalated volcanic rocks does not hold up in the field (Thompson and White, 1964) and concluded that the widespread rocks assigned to the Coal Valley Formation were actually deposited in a number of different basins (e.g., Bonham and Papke, 1969; Kelly, 1998) . Improved age control for the Neogene sedimentary rocks supports the interpretation that there were many different Neogene basins. For example, although the type section of the Coal Valley Formation and associated strata record a basin history from 13 to 9 Ma (Gilbert and Reynolds, 1973; Golia and Stewart, 1984) , vertebrate remains from several other basins (e.g., Carson Valley, Nevada and Long Valley, California) demonstrate that sedimentary rocks in these basins are late Pliocene (Kelly, 1998 and Firby, 1979, resp.) and do not overlap in age with the type Coal Valley Formation. Our work has confirmed that the Neogene sedimentary rocks are not all correlative and --more importantly --that each basin records a different, and detailed, paleogeographic and tectonic history (e.g., Trexler et al., 2000; Muntean, 2001; Schwartz, 2002; Park, 2004; Cashman and Trexler, 2004; Mass, 2005; Mass et al., this volume; Trexler et al., this volume) . (For basin locations, see Fig. 1.) Prior to our research, sedimentary rocks of the Neogene Gardnerville basin were mapped as "Ts", unnamed Tertiary sedimentary rocks (e.g., Noble, 1962; Moore, 1969; Kelly, 1998; Stewart, 1999) , and studies were limited to quadrangle mapping (Stewart and Noble, 1979; Pease, 1980; Garside and Rigby, 1998; dePolo et al., 2000; Ramelli et al., 2003) , gravity surveys (Maurer, 1984a, b) and locally detailed paleontologic and paleobotanical work (Schorn et al., 1994; Kelly, 1994 Kelly, , 1997 Kelly, , 1998 Lindsay et al., 2002) . The section was known to contain Hemphillian and Blancan vertebrates (Kelly, 1998) . However, much of the information needed to decipher the tectonic evolution -duration of deposition, changes in paleogeography, fault style and faulting history, etc. -was unknown.
Structural setting of the Neogene Gardnerville basin Significant dextral slip is recorded in the Walker Lane east of the Gardnerville basin; it appears to have occurred during two different time periods. The dextral offset along northwest-striking faults in the central Walker Lane (the Walker Lake domain of Stewart, 1988 ) is a minimum of 48-60 km since 27 Ma; much of this offset is thought to have occurred in several episodes between 22 and 27 Ma (Hardyman and Oldow, 1991; Oldow, 1992; and references therein) . In contrast, the present regime of dextral strikeslip faulting is thought to have started as recently as 10 Ma (Hardyman and Oldow, 1991) to 7 Ma (Dilles, and Gans, 1995) . Farther south in the Walker Lane, the more recent transcurrent deformation is thought to have migrated west with time (e.g., Stockli et al., 2003) ; it is not known whether similar migration has occurred at the latitude of the Gardnerville basin. Within the Walker Lane, the Carson domain of Stewart (1988) , which borders the Walker Lake domain on the north, provides independent constraints on the timing of dextral slip. The Carson domain is characterized by east-northeast-striking sinistral faults. Paleomagnetic studies show that dextral slip in this part of the Walker Lane is accommodated by 40° -50° of clockwise vertical-axis rotation, all of which appears to have occurred since the eruption of basalts that are 9 Ma and older (Cashman and Fontaine, 2000) . Smaller rotations in 4 Ma basalts from the same region indicate that about half of the rotation was accomplished before 4 Ma (Cashman and Fontaine, 2000) . Notably, these timing constraints suggest that some of the dextral slip occurred prior to the opening of the Gulf of California approximately 6 Ma (Oskin and Stock, 2003) and concurrent initiation of the present tectonic regime along the western edge of the continent.
The extensional faulting history east of the Neogene Gardnerville basin includes the dramatic, and well-dated, extension in the Wassuk and Singatse ranges as well as more recent, less extreme, extension and tilting of the Pine Nut Mountains (see Fig. 1 for locations of these ranges). Rapid extension (>150%) occurred in the Wassuk Range between 15 and 14.4 Ma, and in the Singatse Range between 15 and 12 Ma (Proffett, 1977; Dilles and Gans, 1995; Stockli et al., 2002; Surpless et al., 2002) . The timing of these extension events is similar to the age of extensional faulting throughout the Basin and Range province. The timing and amount of extension across the Pine Nut Mountains are not as well constrained, but fission track modeling suggests fault block tilting and footwall exhumation between ~ 10 Ma and ~ 3 Ma .
The sedimentary rocks of the Neogene Gardnerville basin depositionally overlie the western flank of the Pine Nut Mountains tilted fault block, and record the tilting history of the Pine Nut block related to activity on the basin-bounding Genoa fault, of the Carson Range fault system, to the west. The Genoa fault is a normal fault that is thought to have a minor component of dextral motion (Pease, 1979; Surpless, 1999) . Total vertical offset, based on gravity, is on the order of 3.2 to 3.7 km. Gravity modeling indicates that depth to Mesozoic bedrock 2 km east of the Genoa fault is 1.2 to 1.7 km, with more than 60% developed on one buried east-side-down fault about 1 km east of the Genoa fault. By including Carson Range relief (~ 2km), we estimate a total of 3.2 to 3.7 km total vertical offset on this combined fault system. Trenching studies document two late Holocene, large-displacement events (Ramelli et al., 1999) . The late Holocene slip rate based on these events is 2-3mm/yr, enough to generate the structural relief along the east edge of the Carson Range in just a few Ma, but several lines of evidence suggest that the longerterm slip rate may be lower (Ramelli et al., 1999) .
The extensional faulting history west of the Gardnerville basin is not as well constrained but appears to be more recent and of lower magnitude than the extension to the east. Apatite fission track data suggest that the Carson Range block is tilted 15° west, with fault initiation between 10 Ma and 3 Ma; this requires significant offset on an eastdipping fault along the west side of the Tahoe-Truckee depression, most likely the West Tahoe fault or other faults in the Tahoe-Sierra fault system. Other workers have constrained the timing of this faulting to between 7 Ma and 2 Ma (Dalrymple, 1964) or two events at 12Ma and 3 Ma (Henry and Perkins, 2001) , and probably post-dating andesite flows as young as 3.6 Ma (Saucedo and Wagner, 1992) or two fault sets since 3.6 Ma (Schweickert and Lahren, 2003) . The tightest age control on faulting within the Sierras is from fault-related tilting of the Neogene sedimentary section in the Boca basin, 20 km to the north of Lake Tahoe (Fig. 1) , which occurred between 3.0 (possibly as late as 2.7) and 2.6 Ma (Mass, 2005; Mass et al., this volume) .
The history of deposition and syn-depositional faulting preserved in the Neogene Gardnerville basin therefore provides an opportunity to examine several questions about the timing, style and causes of regional tectonism. The basin lies west of the Basin and Range and Walker Lane (as traditionally defined), so the age and style of faulting here can test models for regional-scale westward migration with time of: (1) extensional faulting (e.g., Surpless et al., 2002) , or (2) dextral faulting (e.g., Stockli et al., 2003) . The basin records motion along the eastern boundary of the Sierra Nevada microplate; it contains a significantly longer and more representative faulting history of this boundary than can be determined from trenching studies, geodetic studies or earthquake focal mechanisms. Passage of the northward-migrating Mendocino triple junction occurred in latest Miocene or earliest Pliocene time at this latitude (Atwater and Stock, 1998) , during deposition of the Sunrise Pass Formation. In addition, the sedimentary record spans the time period during which the Gulf of California started to open (e.g., Oskin and Stock, 2003) and plate boundary transform motion is thought to have been transmitted to the Walker Lane by way of the Eastern California shear zone (Oskin and Stock, 2003) ; the Gardnerville basin should show whether this deformation extended beyond the Walker Lane.
DEPOSITIONAL HISTORY OF THE GARDNERVILLE BASIN
The internal stratigraphy of the Neogene Sunrise Pass Formation (Muntean, 2001) records the depositional history of the Gardnerville basin between about 7Ma and 2Ma. The formation was deposited in a system of west-dipping half-grabens, and overlies Mesozoic crystalline rocks of the Pine Nut Mountains on the east (Fig. 2) . The youngest exposed rocks are 2.0 -2.3 Ma (Kelly, 1997; written comm., 2005) , near the center of the modern Carson Valley. Projecting surface exposures down to the west implies that a still-younger part of the section underlies the western half of the valley, covered by Quaternary alluvium of the Carson River. The Neogene sedimentary rocks consist of fluvial conglomerate and sandstone, and deltaic to lacustrine sandstone, siltstone and diatomite (Fig. 3) .
Age control is diverse and internally consistent throughout the area (Figs. 3, 4) . Ash-fall tephras occur throughout the section; their age has been determined using tephrochronology or single-crystal Ar 40 /Ar 39 dating. Mammal fossils also occur throughout the section, and mammal biostratigraphy combined with magnetostratigraphy is another source of age control (Kelly, 1994 (Kelly, , 1997 (Kelly, , 1998 Lindsay et al., 2002) . It is not possible to measure a simple stratigraphic section because of intrabasin, syndepositional faulting and unconformities, but a composite section of the Sunrise Pass Formation (Fig.  3) is approximately 3.5 km thick (Muntean, 2001 ). In the following section, we briefly summarize the locations and characteristics of different facies within the Sunrise Pass Formation, because these reveal important details of the Neogene tectonic evolution of the area.
Fluvial facies Clastic deposits interpreted to be fluvial in origin occur in all of the section segments. The conglomerates are typically clean and sand-rich. Conglomerate is interbedded with sandstone and siltstone. Sedimentary structures include tabular and trough crosslaminations, planar laminated beds and ripple cross-laminations. Sandstone and conglomerate intervals are interpreted as fluvial channel deposits, and interbedded fine sandstone and siltstone as overbank and floodplain sediments. Paleocurrent indicators in the fluvial deposits show flow toward the southwest, west, and northwest, i.e., drainage that is generally westward from the Pine Nut Mountains into the basin (Fig. 5) , consistent with a half-graben system.
One place where coarse-grained fluvial facies rocks are prevalent is in the oldest part of the section, along the east edge of the basin (Fig. 3 , sub-section 4). Clast compositions here resemble subjacent crystalline rocks exposed in the foothills of the adjacent Pine Nut Mountains to the east. Sanidine grains from a reworked volcanic ash bed near the base of the section yielded an Ar 40 /Ar 39 age of 7.02 ± 0.05 (dating by Chris Henry, reported in Trexler et al., 2000) .
Conglomerate and coarse sandstone beds also directly overlie modern exposures of basement throughout the basin. Notably, the lowest coarse clastic sedimentary rocks overlying the bedrock exposures have different ages in different parts of the basin and are progressively younger westward, as shown by biostratigraphy, tephrochronology and isotopic dating (Fig. 3, 4) . In addition, conglomerate clast compositions vary between conglomerate localities and reflect the composition of the directly underlying basement (Fig. 3) . The basement highs are interpreted to have been long-lived topographically positive features, and to have been uplifted along active normal faults at several times during basin filling.
In addition, coarser-grained sedimentary rocks dominate throughout the Neogene section in a continuous W-trending zone through the center of the basin. The rocks in this zone are characterized by low-angle unconformities, west-trending paleocurrents and an unusually thin (as well as coarse) sedimentary section. The central zone is unique in that it does not contain any basement highs exposed today. We therefore interpret these rocks to represent the trunk of an integrated drainage system that funneled sediment between the basement highs, from the topographically partitioned eastern part of the basin to the deepest part of the basin in the northwest. Age control from this higher part of the section is primarily from large mammal biostratigraphy and is progressively younger westward, consistent with a continuous west-dipping section (Fig. 4) .
Conglomerate clast compositions change upward through the section, from more volcanic clasts low in the section to more granitic high in the section. This may record unroofing in the source area, waning volcanic activity, or a combination of the two.
Deltaic and lacustrine facies Rocks interpreted to be deltaic are dominantly sandstone and siltstone, with local pebble conglomerate. Both laterally and vertically, they occur between the coarse-grained fluvial rocks and diatomaceous lacustrine deposits. Tabular cross-lamination and parallel lamination are common in deltaic sediments of all grain sizes. Diagnostic features include upward-coarsening intervals representing prograding delta lobes, laterally discontinuous channel deposits, and convolute lamination resulting from rapid fluid loss in water-saturated sediments. Deltaic deposits are the dominant facies in the southwestern and central parts of the basin.
Rocks interpreted to be lacustrine are dominantly diatomite and siltstone, but thin tephra and sandstone interbeds are common. Bedding in diatomite and siltstone is usually laminated or featureless. Convolute laminations occur locally, adjacent to sandstone and ash beds. Finer-grained clastic rocks and diatomite mark several long-lived depocenters within the Gardnerville basin. Thick diatomite and siltstone deposits in two locations record lakes that were probably at least in part coeval, but may not ever have been connected.
One of the two thick lacustrine intervals occurs in the northeastern part of the present exposure of the Sunrise Pass Formation (Fig.s 2, 4) , east of and possibly ponded against a granitic intra-basin structural high. The section coarsens upward, indicating progressive filling of the basin; laterally equivalent rocks are coarser to the south, indicating a southern source. This diatomite is relatively well exposed in slopes and canyons to the north of the Sunrise Pass Road. A pronounced gravity low in this area (Fig. 6) confirms the presence of diatomite where it is covered by Quaternary deposits. The silty and diatomaceous section here is approximately 600 m thick. Age control near the top of this section includes both an Ar 40 /Ar 39 date of 4.96 ± 0.02 Ma on sanidine (dated by Chris Henry, reported in Trexler et al., 2000) and detailed biostratigraphy and magnetostratigraphy that showed the Hemphillian -Blancan boundary in this part of the section (Kelly, 1998; Lindsay et al., 2002) . Although tephras from lower in this lacustrine section did not provide plausible correlations (Perkins, written comm., 2000) , estimates based on thickness and a typical sedimentation rate suggest that lacustrine deposition was active here from approximately 7 to 5 Ma.
The other thick lacustrine deposits are in the northwest part of the Carson Valley, west of most of the intra-basin highs (Fig.s 3, 4) . The basin-scale paleocurrent directions and facies distributions indicate that this was the main depocenter for the Neogene Gardnerville basin. It received sediment derived from the intrabasin highs and sediment from farther to the east that was funneled between these highs along the central, westtrending drainage. Fossils from the lower part of this lacustrine section are middle early Blancan (Kelly, 1994; 1997) , and an interbedded tephra is 3.9 ± 0.2 Ma (dated by Chris Henry, reported in Trexler et al., 2000) (Fig. 4) . Fossils in lacustrine deposits overlying a small basement high within the northwestern part of the basin are late Blancan (Kelly, 1994; 1997) , indicating further uplift of basement during deposition.
Summary -depositional environment
The Neogene Gardnerville basin records fluvial, deltaic and lacustrine conditions in this area from at least 7 to 2 Ma. Along the eastern basin margin, the Neogene sedimentary rocks were deposited directly on Mesozoic plutonic and metamorphic basement. The sedimentary rocks directly overlying the basement are coarse-grained, and their compositions reflect those of the underlying basement. Drainage in the Gardnerville basin was generally toward the west, but drainage was partitioned by syn-depositional topography, with north-south sediment transport between structural highs to a central west-directed drainage system in the central part of the basin. Paleocurrent indicators are locally anomalous, showing flow away from the basement exposures, rather than directly toward the depocenters. All of these characteristics reflect the presence of crystalline basement at the ground surface (in structural highs) during deposition. The main drainage system is characterized by a relatively thin, dominantly fluvial section containing numerous unconformities. A local but long-lived depocenter persisted in the northeast part of the basin behind one of the structural highs from at least 7 to 5 Ma. The main depocenter, in the northwest part of the basin, was active from at least 4 Ma, and continues today to receive sediment from the Carson River.
SYN-DEPOSITIONAL DEFORMATION
Fanning of dips within the Gardnerville basin documents that faulting along the Carson Range frontal fault system to the west has been active throughout the basin history, i.e,, for at least 7 Ma. In map view, bedding dips are generally steepest in the oldest rocksi.e., along the eastern margin of the basin (Fig. 2) . The same pattern can be seen in the vertical section provided by a short reflection seismic line in the west-central part of the basin (Fig. 7) . It shows three west-dipping reflections, as deep as 1 km; the dip of the reflections increase with depth and age.
Crystalline rocks in structural highs within the Neogene Gardnerville basin record syndepositional faulting. Basement-bounding faults of large displacement are typically north-striking, east-dipping normal faults. In the north part of the study area, these faults form the east sides of a series of small west-tilted half-graben blocks (Fig. 2) . In the southern part of the study area, faults bound two horst blocks. Displacement along both northern and southern faults decreases toward the central part of the study area. Structurally isolated sub-basins between these basement highs also exhibit internal fanning of dips, recording syn-depositional tilting at the scale of individual sub-basins. The west-trending belt across the central part of the Gardnerville basin has no large displacement faults or basement highs, and is interpreted to be an accommodation zone (cf., Faulds and Varga, 1998) between the sets of normal faults to the north and south. Both sets of faults have minimal displacement within the accommodation zone.
The ages of the sedimentary rocks directly overlying the basement highs document that intra-basin faulting occurred at several different times and was progressively younger westward across the basin. Isotopic dates of 4.96 Ma from sediment overlying the largest northern basement high indicate that it was exposed at the ground surface approximately 5 Ma. The adjacent basement high to the northwest was exposed about 4 Ma, and the farthest one to the northwest about 2 Ma, based on isotopic dates from the overlying sedimentary sections (Fig. 4) . Age control is not as precise for the southern basement highs, but biostratigraphic dates consistently show a westward-younging pattern.
The seismic reflection line, from the western part of the basin, shows abrupt changes in acoustic properties; these may record changes in depositional environment and may correspond to the tectonic uplift of the basement highs farther to the east. Each reflection appears to be the top of a sequence of layered sediments, probably lacustrine in origin. Above the reflection, the layering is discontinuous -interpreted to be coarser grained and less well bedded, so probably more fluvial -gradually becoming more layered upward to the next reflection (Fig. 7) . These vertical facies changes are interpreted as fan progradation and abandonment in response to source area uplift or basin subsidence.
In summary, several lines of evidence point to active faulting both along the west flank and within of the Neogene Gardnerville basin during deposition. Sedimentation started by at least 7 Ma in a west-dipping half-graben. The basin-bounding fault that accommodated the west tilts was active throughout the basin history, as shown by progressively steeper dips in the older sedimentary layers. In addition, there was active faulting within the basin at several times during its history. Crystalline basement rocks form several fault-bounded structural highs within the basin. These are most commonly west-tilted blocks bounded by east-dipping normal faults on the east and unconformably overlain by the sedimentary section on the west. The ages of the sedimentary rocks directly overlying these basement highs are progressively younger westward. A short seismic reflection profile in the west-central part of the basin -west of any basement highs at the surface -records abrupt changes in the character of the sedimentary rocks at three depths in the profile. These appear to represent a change from lacustrine to fluvial/deltaic deposition and may correspond to changes in internal drainage related to the uplift of basement highs within the basin to the east.
FAULT LOCATION AND MAGNITUDE, FROM GRAVITY MODELING
Geologic mapping of surface exposures does not unequivocally answer important questions about the age of initiation of the Gardnerville basin, or age of initiation of faulting west of the Walker Lane at this latitude. The sedimentary rocks overlying basement at the eastern edge of the basin may represent progressive onlap at the basin margin, and therefore are not necessarily the oldest rocks in the basin. Also, initiation of sedimentation is not necessarily related to initiation of faulting; rather, cross-cutting relationships with sediments of known age are needed to bracket fault timing. Therefore, we did a gravity study to determine depth to basement throughout the basin. The gravity data provide new information about the location, geometry and offset of faults, as well as about sediment thickness. The gravity modeling is constrained by rock composition information from surface exposures and by the seismic line --an independent measure of depth to basement at one locality.
The regional complete Bouguer anomaly map (Fig. 6) and 2-D model profile (Fig. 8) were developed from 869 gravity stations from the National Geodetic Survey 1999 U.S. land gravity database. These data provided useful map coverage over most of Carson Valley with east-west station spacings of 800 m. Another part of this study included collection and modeling of four new east-west gravity profiles covering about 70 km, with 219 stations at a typical station spacing of 300 m (Abbott et al., 2000) .
Our new complete Bouguer anomaly map (Fig. 6) shows several features that directly correspond to the surface geology, and others that contradict it. Geological and shallow seismic observations show a sediment-filled, west-dipping half-graben at shallow structural levels. The gravity model is consistent with this at shallow structural levels, but the main gravity expression is of a generally symmetric sub-basin. This suggests a significant, early phase of basin formation that may not be related to the modern westdipping half-graben. The basement highs separate sediment-filled sub-basins, as seen in the surface geology, but the gravity map identifies some sub-basins as much larger anomalies than others. The size of the gravity anomaly reflects both depth to basement and the nature of the basin fill; diatomaceous sediments exaggerate basin depth, and coarse-grained clastic sediments minimize it. Even allowing for this compositional influence, however, the Bouguer gravity map suggests faults and sub-basins in addition to those recognized from the surface geology.
Integration of surface geology and gravity reveals that the geometry of the Carson Valley basin is more complex than previously recognized and modifies our understanding of the basin evolution based on the surface geology. Although our field mapping and seismic reflection profile indicate that Quaternary, and probably late Neogene, basin growth has probably occurred exclusively along the east-dipping Sierran range-front fault system at the western edge of Carson Valley, the gravity shows an equally well developed, but deeply buried (300m -1000m deep), west-dipping normal fault system centered seven km to the east. The fault system is expressed in the complete Bouguer anomaly gravity contour map (Fig. 6) as a 20 km zone of closely gathered north-trending contours that bisects Minden-Gardnerville. North-striking normal faults dipping both east and west cut Q deposits a few km southeast of Gardnerville (dePolo and others, 2000) ; however, the location and graben-like nature of this Q fault system are different than the fault system shown in the gravity measurements. The paucity of surface morphologic features suggests that the major west-dipping fault system is currently inactive. Density modeling for a gravity profile across the basin (Fig. 8) indicates that this older north-striking normal fault system is three km wide and accommodates down-to-the-west offset of basement across at least two normal faults. The western of these faults adds an estimated downward displacement of 1 km, bringing the total modeled basin depth to 2 km. The density modeling also suggests a buried east-side-down normal fault east of the Genoa fault, accommodating significant additional displacement. The modeling assumed the deeper basin fill to be Cenozoic sedimentary rocks, but Cenozoic volcanic rocks (particularly Miocene andesite) are also a possibility, based on the regional geology. If volcanic rocks fill the lower part of the basin, the buried fault systems must have a still greater offset -to compensate for the higher density of volcanic rocks than sedimentary rocks in the gravity model.
In addition, the gravity map shows an inverse relationship between offset along the Genoa fault and offset along the intra-basin normal faults to the east. The western gravity low --representing the deepest part of the basin --reaches a maximum at its mid-point, presumably also the location of maximum displacement on the Genoa fault. This occurs due west of the accommodation zone in the intra-basin fault system. The accommodation zone therefore occurs where offset on the Genoa fault is greatest. The intra-basin faults increase in offset north and south from there, accommodating more extension where the Genoa fault accommodates less (Fig. 9 ).
In summary, gravity studies provide evidence for a multi-stage faulting history for the Gardnerville basin that started well before 7 Ma. The older (pre-7 Ma) normal faults cut a Cenozoic sedimentary or volcanic valley fill that pre-dates the Sunrise Pass Formation exposed at the ground surface today. The basin depth is as great as 2 km, and a previously-unrecognized north-striking, west-dipping fault system with a vertical offset of at least 1 km forms the eastern boundary of this structural low. This fault system has little or no surface expression and appears to be no longer active. It might record middle Miocene east-west extension, as suggested by other workers in areas to the north, south and east (e.g., Henry and Perkins, 2001; Stockli et al., 2003; Surpless et al., 2003; resp.) . The gravity map also suggests a kinematic relationship between the intra-basin faults and the modern Genoa fault: displacement on the intra-basin faults increases northward and southward from a central accommodation zone, while displacement on the Genoa fault decreases away from this zone. All of these faults therefore appear to be acting together to accommodate extension across the Carson Valley.
SUMMARY AND DISCUSSION
Several new results from this study must be accounted for in any model for tectonic evolution of the northern Sierra Nevada -Basin and Range transition zone:
• The age of the exposed Neogene sedimentary section does not overlap with type Coal Valley Formation, so a new name is required. We adopt the informal name "Sunrise Pass Formation" proposed in the detailed sedimentological and stratigraphic study by Muntean (2001) , and refer to the Neogene depositional basin as the Gardnerville basin, to avoid confusion with the modern topographic feature --the Carson Valley.
• The Carson Range fault system along the west side of the Carson Valley (including the Genoa fault) has been active since at least 7 Ma, as shown by fanning of dips in the Neogene sedimentary section. This is a longer period of activity than was projected based on trenching studies of the Genoa fault (Ramelli et al., 1999) ; if the known offset formed over this longer time period, the average slip rate is lower than estimated from the two-event trench record.
• Gravity data show that a previously unrecognized, inactive, west-dipping normal fault system with a minimum of 1 km vertical offset underlies the Carson Valley. It records older normal faulting than has been recognized previously.
• Our new gravity data and modeling provide a better constraint on the total offset along the Sierran frontal fault system (Genoa fault plus buried fault to the east of it) than was previously available. We estimate a total of 3.2 to 3.7 km total vertical offset on this combined fault system. • Several intra-basin normal faults have acted in concert with the Genoa fault to accommodate extension. Significant normal offset occurred around 5 Ma along one intra-basin fault, and around 2 Ma along another one farther to the west.
• There has been no significant dextral faulting within the basin throughout the ~7
Ma history recorded in the Neogene section. Intracontinental transform motion related to the modern plate boundary and motion of the Sierra Nevada microplate does not appear to be accommodated here. In addition, there is no evidence here for westward propagation of dextral faulting.
The observed faulting history broadly supports the westward propagation of normal faulting into Sierran crystalline rocks west of the Walker Lane as suggested by Dilles and Gans (1995) and Surpless et al. (2002) , but in detail, the normal faulting history is more complicated. Our estimated age for activity along the Carson Range frontal fault system here is younger than that reported in the Wassuk and Singatse ranges to the east (e.g., Proffett, 1977; Dilles and Gans, 1995) , and is consistent with the estimate for fault block tilting and footwall exhumation of the Pine Nut Mountains block, which underlies the sedimentary section . It is older than the < 5 Ma estimate for faulting in the Tahoe basin to the west . Intrabasin normal faulting around 5Ma and 2Ma also steps westward with time. However, the previously unrecognized inactive normal faults in the deeper part of the basin shown in the gravity data ( Fig. 8) are of unknown age and may contradict the pattern.
In conclusion, this study documents the deformation style and history in a specific domain within the Sierra Nevada/Basin and Range transition zone --the domain west of the Walker Lane, and east of the Sierra Nevada frontal fault system --and indicates which tectonic driving forces may have influenced this intracontinental deformation. The combined depositional and deformational record in the Neogene Gardnerville basin provides a longer history than is available from geodesy or seismology, and thus bridges an important gap between contemporary tectonics and the older geologic record. Like the Sierra Nevada to the west, this domain is underlain by crystalline rocks of the Sierra Nevada batholith. The deformation is characterized by normal faulting, which is consistent with westward propagation of Basin and Range-style extension into the Sierran crystalline rocks, possibly related to changing thermal and rheological conditions (e.g., Surpless et al., 2003, and references therein) . Several intra-basin normal faults have acted in concert with the Genoa fault to accommodate extension; this deformation style could be an analog for other normal fault systems in the vicinity, e.g., the Lake Tahoe basin, directly west of our study area. There is no evidence in the study area for large magnitude strike-slip faulting; the dextral component of relative motion of the Sierra Nevada microplate must be accommodated elsewhere. Although the timing for several deformational events in the history of the Gardnerville basin is fairly well constrained, none of them directly correspond to known changes in plate motions or plate boundary configuration. The deformation appears to have continued unchanged across several tectonically significant time intervals, e.g., passage of the Mendocino triple junction and opening of the Gulf of California. This suggests that it may not be valid to assume synchronous deformation over a broad area or to attribute poorly dated structures to specific tectonic events. Cashman and Fontaine (2000) . Light gray is the Walker Lane; dark gray is outcrop areas of Neogene sedimentary rocks. Buried Neogene sedimentary rocks are presumed to be more extensive than these surface exposures. "Northern Walker Lane", as used herein, contains the Pyramid Lake domain (characterized by northwest-striking dextral faults) and Carson domain (characterized by northeast-striking sinistral faults) of Stewart, 1988) . "Central Walker Lane", as used herein, corresponds to the Walker Lake domain (characterized by northwest-striking dextral faults) of Stewart, (1988) . Muntean (2001) , showing facies distribution, location of samples for age control (tephrochronology, isotopic dating, and biostratigraphic dating), and locations of stratigraphic sub-sections used to make the composite sections in Fig. 3 . Boxes associated with biostratigraphic dates enclose areas in which distinctive fossil assemblages occur. Map is modified from Moore (1969) , by Muntean (2001) . 
